Sugar beet is one of the most important industrial crops in Iran. For the last two decades it has been mainly affected by a destructive virus, beet necrotic yellow vein virus (BNYVV). The Polymyxa betae is the only natural transmitting agent of the disease among the plants. Developing accurate diagnostic methods may have a major impact on the rising of resistant germplasms. In the present study, specific monoclonal recombinant antibodies in the form of single chain variable fragments (scFv) were obtained from naïve phage display libraries. The fungus specific glutathione-S-transferase (GST) protein was chosen as an antigen for developing antibodies and diagnostic purposes. To generate specific scFv, screening of Tomlinson phage display libraries was performed by applying both recombinant and native fungal GST. Using the recombinant GST in the panning process resulted in the isolation of an antibody only bound to recombinant GST but it failed to detect native GST in the infected plants. Alternatively, the process of panning was carried out by applying native fungal GST trapped to immunotubes through specific polyclonal antibody intermediate. The recent approach resulted in the selection of a specific scFv binding to native GST which was able to detect the presence of the fungi within infected plants. To the best of our knowledge, this is the first report on the generation of recombinant antibodies against Polymyxa betae, fungal vector of sugar beet rhizomania disease.
INTRODUCTION
Beet necrotic yellow vein virus (BNYVV) is the causal agent of sugar beet rhizomania, one of the most economically important viral diseases in the world. The plasmodiophoromycete Polymyxa betae is an obligate parasite of sugar beet roots and the vector of BNYVV (Keskin 1964) . The yield losses caused by this disease have been alleviated by the development of resistant cultivars. Throughout the world, resistant cultivars are widely used (Richard-Molard 2002) . Specific and accurate diagnostic methods play important roles as essential tools in order to screen cultivars to attain resistance to the rhizomania virus and its vector.
To develop a serological test for any pathogenic agents, including P. betae, a specific immunogenic protein has to be identified. Glutathione S-transferase (GST) is a superfamily of multi-functional enzymes in charge of detoxifying endobiotic and xenobiotic compounds by conjugating glutathione (GSH) to a hydrophobic sub-strate (Öztetik 2008) . More specifically, GST, a specific immunogenic protein, is a critical enzyme expressed in P. betaes zoospores, sporangia, and resting spores. Glutathione S-transferase could be a good candidate for developing the serological base of a diagnostic technique, for the pathogen (Mutasa-Gottgens et al. 2000) . It is worth noting, that GST is expressed at higher levels by P. betae during the infection process, to overcome the host plant defense mechanisms (Mutasa-Gottgens et al. 2000) .
The development of specific antibodies is a prerequisite for the application of serological assays in the detection of plant pathogens. Production of monoclonal antibodies is more complicated than polyclonal but it would lead to high specificity and a more accurate analysis. Recombinant antibody technology, in combination with the phage display technology, provides an extremely useful approach for the production of target-specific monoclonal antibodies (Griffiths et al. 1994; Kirakosyan and Kaufman 2009 ). Thus far, highly specific antibodies have been developed in this way against several important plant pathogens (Griep et al. 1999; Villani et al. 2005; Jahromi et al. 2009; Safarnejad et al. 2009; Krishnaswamy et al. 2011; Hu et al. 2012) .
In the present article, we describe the use of the phage display technique to raise a broad panel of GST-specific recombinant antibodies from a human combinatorial antibody library.
MATERIALS AND METHODS

Large scale expression and purification of GST protein
The pET28-GST construct containing the P. betae GST gene, previously prepared by Safarpour et al. (2012) , was applied for bacterial expression of GST recombinant protein. The construct contained a 6xHis-tag fusion to N-terminus of the GST encoding gene. Protein expression was carried out under native conditions and purification was performed by the ion-exchange metal affinity chromatography (IMAC) method using Ni-NTA agarose column according to the manufacturer's instructions (Qiagen USA). The purity and integrity of the produced recombinant protein were analyzed by SDS-PAGE electrophoresis as previously described (Ausubel et al. 1995) .
Panning of phage display libraries
Tomlinson I & J naïve scFv phage libraries were applied for selection of specific binders against GST protein of P. betae. Screening of the libraries was performed using recombinant and native fungal GST. In the first strategy, the panning process was carried out by immobilizing recombinant GST protein (~50-100 µg/ml) overnight onto immunotubes (Nunc-Maxisorb), which had been washed with phosphate buffered saline (PBS), blocked with skim milk, and incubated with phage suspension (~10 13 cfu). Phage particles with affinity for the antigen were eluted using triethylamine, and used for infection and amplification of exponentially growing Escherichia coli TG1 cells (Stratagene). The panning was repeated three times and the total eluted phage titre was determined after each round of panning.
In the second approach, native fungal GST obtained from the infected plants was used for the selection of specific scFv fragments. Total protein was extracted from the infected roots by homogenizing 1:3 (w/v) fresh tissues in an extraction buffer (PBS buffer 1X pH 7.5, EDTA 5 mM and β-mercaptoethanol 5 mM). To remove plant debris, the slurry was then centrifuged (3 min at 10,000 g). Immunotubes were coated overnight at 4°C with specific GST polyclonal antibody as previously prepared (Safarpour et al. 2012) . The supernatant was added to tubes and incubated overnight at 4°C. After washing three times with PBS and blocking for 2 h in 2% skim milk powder in PBS at 37°C, all subsequent steps of panning were followed as mentioned for the first approach.
Mini-induction of scFv
To induce scFv production, 2xTY medium supplemented with 100 µg/ml ampicillin and 0.1% (w/v) glucose (2xTYGA) was inoculated with a single recombinant colo-ny of E. coli strain HB2151 harbouring the scFv phagemid. This was incubated at 37°C until the OD 600nm reached the range of 0.4-0.6. After the third round of panning, E. coli non-suppressor HB2151 cells were infected with 1 ml of eluted phage supernatant and plated on 2xTY agar plates containing 1% (w/v) glucose and 100 µg/ml ampicillin (2xTYGA-agar). Ninety-six colonies were randomly selected and were cultured in a microtitre plate. Mini-IPTG induction was performed at 30°C overnight, after the addition of isopropyl-b-D-thiogalactoside to a final concentration of 0.5 mM. The cells were isolated by centrifugation and supernatants were used for subsequent assays.
Binding activity of scFv against GST protein
The binding activity of selected clones was analyzed by Enzyme-Linked Immunosorbent Assay (ELISA). About 50 µg/ml recombinant GST in PBS was directly coated on high-binding microtitre plates (Maxisorp, Nunc, Denmark) followed by a blocking step using 2% (w/v) skim milk. After that, 100 µl of scFv solutions were applied to the plates and incubated at 37°C for 2 h. Bound scFvs were detected using anti-c-myc monoclonal antibody 9E10 followed by horseradish peroxidase conjugated to goat anti-mouse polyclonal antibodies. Colonies with high specificity were selected and subjected to further analysis.
The binding activity of the isolated scFv against native GST was checked by complementary ELISA. Analysis of clones obtained in the second approach was performed by initial capture of native fungal GST in micro-titer plates. The plates were initially coated with polyclonal antibodies and plant extract was loaded into wells. After this, 100 µl of scFv solutions were applied to the plates and incubated at 37°C for 2 h. Bound scFvs were detected using anti-c-myc monoclonal antibody 9E10 followed by horseradish peroxidase conjugated to goat anti-mouse polyclonal antibodies. As an alternative approach, the specificity of scFvs against native GST was analyzed by plate-trapped antigen (PTA)-ELISA as described by Mowat (1985) with some modifications. Fungal GST antigen in crude root extracts was adsorbed directly to Microtiter plate (Maxisorp, Nunc, Denmark), allowed to react with scFv and the antigen-antibody complex detected with anti-c-myc and subsequent goat anti-mouse antibodies. To prepare the crude extract, an infected root was ground 1:5 (w/v) in coating buffer. The plates were incubated overnight at 4°C. After blocking with 1% skim milk in PBS for 1 h at 37°C and 3 rounds of washing with PBST, the cell culture supernatants (containing antibodies) were added (100 µl per well) and incubated for 2 h at 37°C. The microtiter plate was washed with phosphate buffered saline with 0.05% Tween20 (PBST) three times, and the anti-c-myc tag antibody (Abcam, USA) was added into each well. After washing the microtiter plate with PBST, goat anti-mouse IgG (Fc specific) conjugated with alkaline-phosphatease (AP) was added. The substrate was used to visualize the signal. The plate was analyzed by using an ELISA reader (Tecan, Austria). Positive clones shown in ELISA were further characterized by subsequent western blotting.
BstNI fingerprinting of individual phage clones
The variability of positive clones derived from naïve libraries was determined by digesting the PCR-amplified scFv fragments from randomly selected bacterial colonies with 5 U BstNI for 2 h at 60°C Marks et al. 1991) .
Blotting analysis
In Western blotting, electrophoretically separated proteins were transferred from an sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel to nitrocellulose membrane (0.45 µm). The membrane was blocked with PBS buffer containing 2% (w/v) skim milk powder. The scFv proteins were detected by the anti-cmyc monoclonal antibody 9E10, followed by anti-mouse IgG, coupled to alkaline phosphatase (Sigma, USA). Blots were developed using 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium chloride (NBT) as substrate.
In dot-blot analysis, about 5 µl of the infected or healthy sap obtained from sugar beet roots were immobilized on nitrocellulose membrane following incubation with scFv for 16 h at 4°C. The scFv fragments were detected using 1:3,000 diluted anti-c-myc monoclonal antibody 9E10, followed by using a 1:5,000 diluted AP-labelled goat anti-mouse polyclonal antiserum. Binding of APconjugated secondary antibodies was revealed by adding 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazolium chloride (NBT) as substrate.
RESULTS
Protein expression and purification
To produce sufficient protein for the panning procedure and further characterization of the selected scFv fragments, 6xHis-tagged GST protein was expressed in E. coli. Expression and purification resulted in the production of varying amounts of fusion protein after induction with Isopropyl β-D-1-thiogalactopyranoside (IPTG). These results confirmed the high purity and integrity of GST protein. Generally, the total yield of the purified protein in the culture medium was estimated at 3.5 mg/ml.
Phage display scFv selection
Three rounds of panning were performed using Tomlinson I & J scFv libraries with approximately 10 13 cfu of recombinant phages per round. The specific scFv clones were isolated in two different ways; by applying either purified GST or infected sap. The population of the eluted phages was evaluated after every round of panning. Table 1 shows the enrichment of GST-specific scFv fragments throughout the panning processes. An increasing titer of the eluted phages in the subsequent rounds of panning, indicates that the number and the specificity of the eluted phages have climbed and that they were capable of binding strongly to the target antigen.
After the third round of panning, 96 colonies were randomly selected and their binding activity against GST was analysed by ELISA. In the first approach, by applying recombinant GST, approximately 50% of the clones selected from scFv Tomlinson I library displayed positive activity against recombinant GST protein (Fig. 1) . Complementary ELISA analysis revealed that those scFv fragments did not react with native GST present in the infected plant crude extract (Fig. 2) .
In the second strategy, native fungal GST was applied for screening of Tomlinson I library. The aim of this work was to place the main focus on isolating the scFvs which were basically against the naturally existing GST proteins and not the recombinant one. This was carried out by preliminary coating of an immunotube with anti-GST polyclonal antibody, followed by pouring the extract of the infected root into the immunotubes and an addition of the scFv phage libraries there. After the third round of panning, a specific clone binding to recombinant GST was obtained. To determine the binding activity of this scFv against native GST, complementary ELISA analysis was performed in two approaches. In the first approach, to trap the fungal GST, plates were initially coated with specific polyclonal antibodies against GST. The crude extract was then applied followed by loading scFv and the subsequent antibodies. No positive reactions for different clones were obtained when the first approach was applied. In the second approach, the crude extract of the infected plants was directly loaded into individual wells of the ELISA plate, followed by adding scFv and the subsequent antibodies. Finally, one clone producing a specific scFv capable of successfully binding to the native GST obtained from the infected plants, was obtained. This result also showed the high specificity of the isolated scFv against the recombinant GST protein (Fig. 2) .
Fingerprinting and sequencing analysis of scFv genes
The scFv encoding region was PCR-amplified and subjected to fingerprinting analysis. The restriction enzyme analysis using the BstNI enzyme, showed a similar cutting pattern for all scFv fragments obtained from the positive clones selected in the first approach (Fig. 3) . The plasmid DNA from these clones was isolated and used for sequencing analysis using specific primers for pHEN vector. The results confirmed that all the positive clones obtained in the first approach of panning contained the same sequence, named GST-scFv1 (predicted mass of 28.1 kDa). Alignment analysis with the available sequences in the the international ImMunoGeneTics information system (IMGT) database showed that the V H and V L fragments of GST-scFv1 were members of different groups. The program BLAST was used to compare the obtained GST-scFv1 sequence with those of the National Center for Biotechnology Information (NCBI) Gene Bank, and a similarity level of approximately 96% was shown with the submitted genes encoding the antibody TREM (anti-TREM-like transcript-1 antibody, Accession No. DQ375450.1).
Blotting analysis
In the present study, all scFvs produced their relevant bands with the expected band of the protein when western blotting was conducted (Fig. 4) . Complementary western blotting analysis confirmed that all scFvs were only able to react with the recombinant GST but complementary WB analysis failed to detect the infected plants.
The results obtained in Dot Immuno Blott Assay (DIBA) analysis, also confirmed the specificity of the GST-scFv2 against fungal GST. Therefore, GST-scFv2 is able to separate the healthy and infected samples (results are not shown).
DISCUSSION
To generate a specific antibody against P. betae, a certain immunogenic protein that exists in all the morphologically different stages of the pathogen's life cycle, has to be identified. Mutasa-Göttgens et al. (2000) reported the presence of GST protein in zoospores, sporangia, and resting spores of the fungus. High levels of GST proteins in infected sugar beet root have also been identified (Mutasa-Gottgens et al. 2000) . Furthermore, it is a strong immunogenic protein and therefore, could be a good candidate for identifying the fungus. In the present study, the fungal GST protein was selected as an antigen for developing recombinant antibodies and the detection of infected plants.
Expression and purification steps in our study resulted in the production of about 3.5 mg GST protein from one liter of the culture medium. The major part of the purified proteins, however, were precipitated. To overcome this problem, some treatments such as adding imidazole (Safarnejad et al. 2008 ) and reducing the total concentration (Treuheit et al. 2001) were performed. According to the results, the second approach had a major effect on reducing the precipitation in test tubes. The positive effect of concentration reduction on preventing protein sedimentation has been reported in previous studies as well (Treuheit et al. 2001) .
Obtaining specific monoclonal antibodies by traditional methods such as hybridoma technology, requires expensive specialized facilities for animal tissue culturing and is time consuming. In the present study and for the first time, phage display technology has been applied for the generating specific monoclonal recombinant antibodies against P. betae. This technology has been exploited widely for generation of specific antibodies against several plant disease agents including viruses Schillberg et al. 2001; Prins et al. 2005; Safarnejad et al. 2009; Cervera et al. 2010) and plant pathogenic fungi such as Fusarium oxysporum (Peschen et al. 2004; Li et al. 2008) and Sclerotinia sclerotiorum (Yajima et al. 2008) . The main advantage of this technology is that there is no need for an equipped laboratory. This means that major concerns about the ethical issues of using animals for immunization can be bypassed. The antibody genes obtained in this approach could be applied for developing resistance against plant pathogens of concern (Safarnejad et al. 2011). Specific antibodies against any type of antigens could be obtained within a month (Rodi et al. 2001 ).
In the present study, two recombinant antibodies were generated, named as GST-scFv1 and GST-scFv2. Both showed strong binding activities against the recombinant GST. The first one, GST-scFv1, only showed a high specificity against recombinant GST but did not detect the native GST present in the infected plants. This could be ascribed to the existing differences in the three dimensional (3D) structure of the folded recombinant and native proteins. Similar findings have been reported in a previous study (Liu et al. 1999) . To overcome this challenge, a system was designed to obtain specific antibodies against native GST protein present in the infected plants. To achieve this goal, the native GST present in the plant extract was captured in pre-bound tubes with polyclonal antibodies against GST. Finally, by applying this system, a specific scFv with binding activities against both recombinant and native GST protein was obtained. Further immunoassay analysis proved that this scFv is able to detect the presence of the P. betae within infected plants. A similar approach has been previously investigated for the generation of specific scFv against tospoviruses (Franconi et al. 1999) .
The bacteria clones containing the recombinant antibody genes can be used as a valuable source for mass production of recombinant antibodies for diagnostic purposes, such as development of serological or nano-based biosensors.
